A test-area molecular dynamics simulation method for the vapor-liquid interface of argon through a LennardJones intermolecular potential is presented in this paper as a primary study of interfacial systems. We found that the calculated density profile along the z-direction normal to the interface is not changed with time after equilibration and that the values of surface tension computed from this test-area method are fully consistent with the experimental data. We compared the thermodynamic properties of vapor argon, liquid argon, and argon in the vapor-liquid interface. Comparisons are made with kinetic and potential energies, diffusion coefficient, and viscosity.
Introduction
Interfacial systems are of considerable interest to both nature and practical technologies. An understanding of interfaces and inhomogeneous systems is essential to all areas of industrial processes. For example, the surface tension between a liquid and its vapor or two coexisting liquids is of central importance in understanding capillary rise and the solubilization of immiscible fluids.
It is therefore natural that molecular theories of inhomogeneous systems are now well developed, [1] [2] [3] with major advance since the pioneering work of van der Waals. 4 Molecular dynamics simulation techniques are also routinely used to examine inhomogeneous systems. It is relatively straight forward to simulate the interfacial profile between two coexisting fluid 1 or a fluid in contact with a solid surface, 5 and complex systems including surfactant solutions, 6 biological membranes, 7, 8 and nematic liquid-crystalline films, [9] [10] [11] [12] [13] and coexisting liquid-crystalline films phases which possess orientational and translational order 14 have now been simulated.
There are three general types of simulation techniques to determine the surface tension γ of fluids. The first, and most widespread, class of technique involves a mechanical routine which requires the calculation of the tensional components of the pressure. 1 In the case of a planar interface perpendicular to the z axis, the surface tension is given by, (1) where p N (z) are p T (z) the normal and tangential component of the pressure tensor at position z, respectively. and are the macroscopic components of the pressure tensor defined in terms of the volume average of their local components counterparts 15 ; p N (z) = p zz (z) and p T (z) = p xx (z) = p yy (z) = [p xx (z) + p yy (z)]/2. The pressure tensor is given by (2) with aβ = xx, yy, and zz. Considering two vapor-liquid interfaces in this test-area simulation method, γ turns out to be .
The second route to the surface tension involves a thermodynamic perspective in which the free-energy difference between two system with different interfacial area is determined to estimate the surface tension (the method of Bennet
16
). The third class of technique is based on the concepts of finite-size scaling. In the case of the method developed by Binder 17 one estimates a Landau free-energy barrier between coexisting phases from a simulation of the density of the states, which in the limit of large system sizes can be related to the surface tension.
In this study we present a test-area molecular dynamics simulation method to determine the surface tension of liquid argon as a first primary study for interfacial systems. This approach will be applied to more complicated molecules such as water in our future studies. The secondary purpose of this study is to compare the thermodynamic properties of vapor argon, liquid argon, and argon in the vapor-liquid interface. Comparisons are made with kinetic and potential energies, diffusion coefficient, and viscosity.
Test-area Simulation Method
Two states of liquid argon are chosen as shown Table 1 . The usual Lennard-Jones (LJ) 12-6 potential for the interaction between argon molecules is used with LJ parameters, σ = 0.34 nm and ε/k B = 120 K, where k B is the Boltzmann constant. The inter-atomic potential is truncated at r c = 4σ and long-range corrections are applied to the energy, pressure, etc. due to the potential truncation. 18 The time integrations for the equation of translational motion is solved using the velocity-Verlet algorithm 19 with a time step of 5 × 10 −15 second (5 fs). The temperature is kept constant by thermostat. These systems of N = 2400 molecules of argon are fully equilibrated in cubic boxes with the usual periodic boundary condition. The kinetic and potential energies, diffusion coefficient (Eq. (4)), and viscosity (Eq. (5)) of the two states of liquid argon are computed and listed in Table 1 .
In order to simulate the liquid-vapor interface by using the test-area method, the above equilibrated systems of liquid argon are placed in between two empty regions. The initial condition is a liquid cubic in the middle of the z direction in the simulation domain and the vapor sides are set as a vacuum (see Fig. 1(a) ). Molecular dynamics (MD) simulations are carried out at constant T and volume V in a rectangular box of dimensions L x = L y ≈ 4.8-5.2 nm according to the system density at a given temperature (see Table  1 ), and L z = 10 nm with the usual periodic boundary condition of the x-, y-, and z-directions. Figure 1 (b) and (c) are snapshots of the equilibrium states of the simulation systems at 94.4 K and 119.8 K, respectively. The equilibrium properties are averaged over 5 blocks of 200,000 time steps after equilibration for 500,000 time steps and the configuration of all the argon molecules is stored every 4 time steps for further analyses. The calculated density profile of each block along the z-direction normal to the interface is not changed with time after equilibration (see Fig. 2 ). The diffusion coefficient of particle i is obtained through the Einstein formula from mean square displacements:
.
The viscosity contributed by particle i is given by , where p iαβ is given in Eq. (2) with aβ = xy, xz, and yz since p iαβ = p iβα for LJ system. The viscosity in a given region, R, is equal to η R = η i .
22

Results and Discussion
The Table 2 for the two states of liquid argon. The vapor and liquid densities (ρ v and ρ l ) at coexistence, the average portion (N(%)) of argon molecules in each phase, the thickness (t) of the vapor-liquid interface, and the macroscopic values of the normal and tangential components ( and ) of the pressure tensor are also included in this table. For a planar interface, does not depend on z. The calculated value of is constant throughout the system and equal to the equilibrium pressure, p. The values of for T = 94.4 and 119.8 K are in good agreement with the experimental data. 23 Comparison of surface tensions for both temperatures with the experimental data 23 is also in excellent agreement. The previous test-area Monte-Carlo simulation study 15 reported γ = 9.80 mN/m at 90 K and 8.54 mN/m at 96 K, and γ = 3.51 mN/m at 120 K for a LJ system with r c = 2.5σ which are too low compared to the experimental data. 23 With r c = 5.5σ, γ = 13.86 mN/m at 90 K and 12.47 mN/m at 96 K, and γ = 6.53 mN/m at 120 K which are too high compared to the experimental data.
23
Most recently, a weighted density functional theory and MD simulation 24 study for liquid argon systems with two-body and three-body interactions 25 predicted much better agreement of surface tension with the experimental data 23 than with only two-body interactions.
26
In Figure 2 we present the density profile, ρ(z) in unit of g/ cm 3 , along the z-direction normal to the interface obtained from MD simulation for argon at the two states of liquid argon. The profile is averaged over 5 blocks of 200,000 time steps and 5 block-averaged profiles are completely indistinguishable each other. This indicates that vaporization and condensation occur simultaneously and at equal ratesdynamic equilibrium. The fact that the profile is essentially symmetric about the midpoint z = 0 (see Fig. 2 ) provides additional evidence that the inhomogeneous system is properly equilibrated. Figure 1 Table 2 .
The vapor and liquid densities at coexistence, ρ v and ρ l , are obtained from the running average of the corresponding density profile and are in good agreement with the experimental data. 23 The liquid densities (ρ v ) are reduced by 3.0 and 2.7% from the bulk densities (ρ) and the average densities (ρ v-l ) of argon in the vapor-liquid interface are nearly halves of the liquid densities (ρ l ) for T = 94.4 K and 119.8 K. Table 2 . Values of the surface tension (γ) obtained from MD simulation. ρv and ρl are the vapor and liquid densities at coexistence, ρv-l is the average density of argon in the vapor-liquid interface, N (%) is the average portion of argon molecules in each phase, t is the thickness of the vapor-liquid interface, and and are the macroscopic values of the normal and tangential components of the pressure tensor. Uncertainties (standard deviation) in the last reported digit(s) are given in the parenthesis. Some results are compared with the experimental data We have computed a number of thermodynamics properties of each phase and listed in Tables 1 and 3 . First, the calculated total energies of the two systems are within 3.2 and 2.8%, respectively, compared with the experimental internal energies 23 as shown in Table 1 . While the kinetic energies of liquid argon and argon in the vapor-liquid interface are almost the same as that of bulk argon for both temperatures, E K of vapor argon is slightly increased as expected from the change of density. On the other hand, the potential energies of all the phases for both temperatures are decreased due to the low densities. E P of liquid argon is slightly decreased but that of vapor argon is much less than that of bulk argon due to the negligible density of vapor argon.
Dramatic change in diffusion coefficient of vapor argon represents the gas state of argon. The typical diffusion coefficient of argon gas at 1 bar and 298.15 K is about 10 −1 cm 2 /sec. D of liquid argon is slightly increased at T = 94.4 K and decreased at T = 119.8 K when compared with that of bulk argon. D of argon in the vapor-liquid interface is more than twice that of bulk argon which indicates the argon molecules are not in the gas state. Finally, the calculated viscosities of vapor argon and liquid argon are in good agreement with the experimental data.
23 η of liquid argon is slightly decreased and that of vapor argon is much decreased as in the gas state when compared with that of bulk argon. The typical viscosity of argon gas at 1 bar and 298.15 K is about 0.2 mP. η of argon in the vapor-liquid interface is less than one-third that of bulk argon, which also indicates the argon molecules are not in the gas state.
Conclusion
We have carried out molecular dynamics (MD) simulations of vapor-liquid interface of argon at T = 94.4 K and 119.8 K using a test-area simulation method to calculate the surface tension of liquid argon. Five different block-averaged density profiles along the z-direction normal to the interface are completely indistinguishable each other. The calculated values of the surface tension, the vapor and liquid densities at coexistence, the macroscopic normal component of the pressure tensor, the viscosity of vapor argon and liquid argon obtained from MD simulations are good agreement with the experimental data 23 for both temperatures. The kinetic and potential energies, diffusion coefficients, and viscosities of vapor argon, liquid argon, and argon in the vapor-liquid interface for both temperatures are compared and represent the state of each phase properly.
